The important aspect of anisotropic aggregate behavior is presently not considered in material characterization for pavement design due to the lack of proper laboratory equipment and testing capabilities. A newly acquired, innovative triaxial testing machine, referred to as University of Illinois FastCell (UI-FC), was used in this study for determining in the laboratory the anisotropic resilient properties of granular materials. Since stresses can be cycled independently in the vertical and horizontal directions, UI-FC is ideally suited for simulating dynamic stresses on the sample and for studying the effects of anisotropic, stress path dependent aggregate behavior. Preliminary results obtained from four aggregates tested using UI-FC indicated definite directional dependency (anisotropy) of aggregate moduli. The resilient moduli computed in the vertical and radial directions varied pronouncedly with the applied stress states. When the same testing procedure was applied for testing a synthetic specimen having isotropic material properties, the axial and radial stiffnesses computed from the measured resilient deformations, however, remained unchanged. The vertical moduli were typically higher than the horizontal moduli for most aggregates tested except for a sandy gravel having a significant amount of fines. The testing procedures followed, i.e., order of vertical and horizontal pulsing on the specimens, also seemed to influence the computed anisotropic moduli. More anisotropic testing of this nature should be undertaken in similar studies to investigate the directional dependency of aggregate stiffnesses.
INTRODUCTION
Unbound aggregates are extensively used in the unstabilized bases and subbases of flexible highway/airport pavements to provide load distribution through aggregate interlock that is essential to the integrity of the pavement. As the loading and performance requirements of pavements continually increase, a better basic understanding of the response of unbound aggregates to repeated loading is needed. Recent research has shown that unlike the commonly used assumption of isotropy, granular bases/subbases have anisotropic moduli (1, 2, 3, 4) . Critical pavement responses predicted for a conventional flexible pavement having anisotropic granular base stiffnesses were typically higher than those obtained by the elastic layered design procedures, which assume homogeneous, isotropic aggregate behavior (2, 4) . Increased pavement responses are associated with reduced pavement life.
As the deformability decreases, a higher modulus is usually attained in the vertical wheel loading direction. This important aspect of anisotropic aggregate behavior is, however, not included in the presently used material characterization models for pavement design due to the lack of proper laboratory equipment and testing capabilities. No consideration is given in testing to the effects of anisotropic loading in the field, i.e., initial compaction and the subsequent wheel loading applied in the vertical direction, and to determination of anisotropic aggregate moduli.
The repeated load triaxial compression test is currently the most commonly used method to measure the resilient (elastic) deformation characteristics of aggregates for use in pavement design (5) .
The resilient modulus test is performed on a cylindrical specimen subjected to repeated axial compressive (deviator) stresses. Several limitations/inadequacies associated with the standard AASHTO test procedure (5) are as follows: (i) specimen radial displacements are not measured, (ii) confining pressures on the specimen are not pulsed, and (iii) magnitudes of applied confining pressure can never exceed total vertical stresses. Yet, it is essential to determine the lateral strains and independently pulse radial stresses in triaxial testing in order to properly establish anisotropic resilient properties and characterize aggregate response to various stress states experienced under the moving wheel loads. This paper mainly focuses on the use of a newly acquired, innovative triaxial testing machine, referred to as University of Illinois FastCell (UI-FC), for determining in the laboratory the anisotropic resilient properties of granular materials. Based on the latest research findings (1, 2, 3) , the UI-FC was recently custom-designed/manufactured and is currently the state-of-the-art in laboratory testing equipment. Stresses can be cycled independently in the vertical and horizontal directions. The UI-FC is ideally suited for simulating dynamic stresses on the sample and for studying the effects of anisotropic, stress path dependent granular material behavior.
Preliminary results obtained using the UI-FC are presented in this paper. With the applied stress states conveniently switched on the same specimen, the anisotropic resilient properties were adequately determined in the laboratory. The anisotropy of aggregate moduli (i.e., resilient moduli being different in the vertical and radial directions) to vary among the four aggregate types with different properties are reported under a set of applied stress conditions, which are currently being used in the standard test procedure (5) . Comparisons are also made between the obtained anisotropic moduli and the stress states depending upon the compaction characteristics and the testing procedures followed, i.e., order of vertical and horizontal pulsing on the specimens, for the four aggregate types tested.
PREVIOUS LABORATORY STUDIES ON CROSS-ANISOTROPY
A special type of anisotropy, known as cross-anisotropy, is commonly observed in pavement geomaterials due to stratification, compaction, and applied wheel loading in the vertical direction (6, 7, 8, 9 vertical modular ratios in the range of 0.9 to 4 depending on the level of overconsolidation.
In the case of granular materials, several researchers have concluded from experimental studies that the measured horizontal specimen stiffnesses are typically less than the vertical (16, 17, 18) . This is primarily due to the preferential orientation of the longest dimension of sands and aggregate particles in the horizontal plane, which occurs during specimen preparation and testing. Lo and Lee (16) studied the response of a granular soil tested along constant stress increment ratio paths under axisymmetric conditions. The elastic response for unloading was found to be anisotropic and the degree of anisotropy increased with the principal stress ratio. Moreover, experiments conducted in South Africa using an innovative K-mold test device on granular materials also showed lower horizontal aggregate stiffnesses and hence similar anisotropic behavior (17) . Most recently, Zamhari (18) has reported the latest experimental findings on the anisotropic aggregate moduli. Selecting the solution of Graham and Houlsby (14) , Zamhari determined the resilient anisotropic properties of an unbound subgrade material tested using a true triaxial testing device. The horizontal moduli were in general less than the vertical and the anisotropy factor α 2 typically increased with the number of stress applications.
Measurement of both axial and radial deformations in a repeated load triaxial specimen is essential for determining anisotropic properties of granular materials. In a consistent laboratory approach for investigating the anisotropic behavior, it is also important to individually account for the resilient response of aggregates to both radial and vertical pulse loadings. This was accomplished previously for clay samples by orientating the test specimen (13) . A new innovative repeated load triaxial testing device will next be described. The applied stress states are conveniently switched on the same specimen and the anisotropic resilient properties can be adequately determined in the laboratory.
UNIVERSITY OF ILLINOIS FASTCELL -DESCRIPTION AND CAPABILITIES
The most recent addition to our laboratory equipment at University of Illinois is a new cyclic/repeated load triaxial testing device referred to as University of Illinois FastCell (UI-FC). This is a new innovative testing device having provisions for switching and pulsing of the major principal stresses both in the vertical and radial directions by the use of the two independently controlled stress channels.
The UI-FC was custom-designed and manufactured mainly for determining in the laboratory the anisotropic and dynamic properties of unbound aggregates and subgrade soils. Since it is not possible to reorient the granular samples in the triaxial cell, applying and switching of the various stress states on the same specimen facilitates determining the inherent and load-induced anisotropy. The device is also suitable for simulating field stress conditions in the laboratory and for studying the effects of principle stress rotation due to moving wheel loads that involve a change in total shear stress direction.
The UI-FC uses a fluid/air interface to minimize compressibility effects when conducting tests in which the horizontal stress on a specimen must be cycled. This is useful for investigating anisotropic effects and the response to loading in which a 90° rotation of planes of principal stress is important. The cell also provides a capability for on-specimen displacement measurements, which eliminate problems associated with compliance of the machine used to load the specimen. When on-specimen vertical displacements are used as well, end effects are eliminated. 
MATERIALS TESTED Material Selection and Properties
Four aggregates with varying material types and properties were selected for resilient modulus testing using the UI-FC. In the selection process, special consideration was given to those aggregates that are available and commonly used in routine pavement construction. In addition, a realistic range of aggregate qualities and properties, such as average aggregate sizes, gradations (both uniform and wellgraded samples), and particle shapes (rounded pea gravel to angular crushed stone), were represented.
Two of the aggregates tested were different gradations of a crushed dolomite classified as CA-6 and CA-11 by the Illinois Department of Transportation. The third aggregate, referred to herein as CL-3sp, was a Class 3 nonplastic uncrushed sandy gravel used in the Minnesota Road Research Project (Mn/ROAD).
The last aggregate tested was pea gravel. The variations among the four aggregate types and properties were considered essential for studying the effects of material properties on the anisotropic resilient behavior under the application of vertical and radial pulse loadings. To establish a consistent test procedure that will successfully discern anisotropy in aggregate specimen responses, a synthetic calibration specimen with known isotropic material properties was also tested.
Gradation curves for the four aggregates are given in Figure 2 . The crushed aggregates, CA-6
and CA-11, were composed of angular particles having rough surfaces and a top size of 25-mm (1-in.).
The two well-graded aggregates, CA-6 and CL-3sp, had fines contents of 7.7% and 13.9%, respectively.
The fines contents of the uniformly graded CA-11 and pea gravel were 2.1% and 2.8%, respectively. Table 1 reports the modified Proctor dry densities (AASHTO T-180) and the corresponding optimum moisture contents for the four aggregates. According to the AASHTO procedure, the three aggregates, CA-6, CA-11, and pea gravel, were classified as A-1-a whereas CL-3sp was a A-1-b material.
Sample Preparation
Cylindrical specimens, 150 mm in diameter by 150 mm high (approximately 6-in. in diameter by 6-in. high), were prepared to fit in the confinement chamber of the UI-FC for the repeated load triaxial testing. A total of 8 specimens, two samples for each aggregate type, were prepared using a split aluminum compaction mold specifically manufactured for use with the UI-FC. A nitrile membrane, 0.6 mm (0.025 in.) thick, was attached to the bottom platen with an o-ring and the platen was placed in the split mold. The split mold was assembled and the membrane was folded over the top of the mold and secured with an o-ring. A vacuum line was attached to the mold to hold the membrane tight against the mold. A non-woven geofabric was placed on top of the bottom platen to prevent the drainage port from being clogged. The aggregate mixed with required amount of water was placed in the mold in three lifts and each lift was rodded 25 times using a standard rod for concrete testing. The surface of each lift was leveled after rodding, and a full-faced compaction foot with an air bubble leveling device on top was placed over the specimen.
A pneumatic vibratory compactor was used. Specimen density was calculated by measuring the weight of material, and the compacted thickness of each lift, referenced to the top of the mold. Each lift was then scarified up to a depth of approximately 12-mm (0.5-in.), and the next lift then placed, and compacted. After compaction, the final height and density of specimen were noted. The dry densities and moisture contents recorded for each of the eight aggregate samples are listed in Table 1 . The achieved densities are typically higher than the maximum Proctor densities due to the increased compaction effort exerted by the vibratory compactor.
RESILIENT MODULUS TESTING
The UI-FC cyclic loading system used is a Universal Testing Machine (UTM), a Closed-Loop Servo Control material testing machine. The main part of the system consists of loading frame, triaxial cell, air power supply, Control and Data Acquisition System (CDAS), and personal computer with an integrated software package. Within the servo hydraulic and servo pneumatic testing systems used together for horizontal confinement and axial loading, energy is transmitted to the specimen using high pressure hydraulic fluid through a membrane and high pressure air acting on a piston, respectively. The CDAS directly controls the servo valves to apply the requested loading rate or waveform. The associated system transducers, a load cell and LVDTs, measure force and displacement, respectively. While the specimen is being subjected to loading forces, the CDAS captures data from the transducers and transfers these data, via a standard serial communication link, to the PC for processing, display, and storage.
The cylindrical specimens were compacted by the pneumatic vibratory compactor during the sample preparation stage. This compaction effort on the specimens was assumed to represent the initial conditions of the granular layers in the field just after pavement construction. Therefore, the specimens were not conditioned before the actual testing sequence. Following the standard AASHTO (5) test procedure, the specimens were subjected to 15 triaxial stress states that are typically less than the failure stress states. A haversine load waveform was applied with a load pulse duration of 0.1-seconds (10-Hz), and a rest period of 0.9-seconds. After the 2-kPa (0.3-psi) hydrostatic seating stress was applied on the specimen, resilient modulus testing was conducted as noted in Table 2 in both the vertical (direction 1) and radial (direction 3) pulsing directions with the applied (pulsed) deviator stresses σ nd (n = 1 or 3). The order of pulsing in each direction determined the test procedure followed for one specimen, i.e., either test procedure A or B, as shown in Table 2 . Hence, two samples for each aggregate type were tested following the test procedures A and B at a total of 30 stress states each to study the directional dependency of granular material stiffnesses with previous loading history.
The pulsed deviator stresses, σ nd , ranged from 21 to 276 kPa (3 to 40 psi) in both axial and radial directions whereas the hydrostatic pressures ranged from 21 to 138 kPa (3 to 20 psi). The applied stress ratios, total stress in any direction to hydrostatic stress [(σ nd + σ hydrostatic )/ σ hydrostatic ], ranged from 1.66 to 4.
One hundred load repetitions were applied at each stress state. Typically, the same vertical and radial recoverable deformations were measured between the 50 th and 100 th load repetitions.
INTERPRETATION OF TEST RESULTS

Resilient Moduli from UI-FC Triaxial Testing
A total of 8 aggregate samples were tested using the UI-FC under the application of both vertical and horizontal dynamic pulsing, each applied at 15 triaxial stress states. The vertical pulsing portion of the tests was similar to the standard repeated load test (5) 
where σ 1d is the pulsed (dynamic) stress in the axial direction.
To account for the "true" resilient specimen response in the horizontal direction, the horizontal pulsing portion of the tests with dynamic loading applied in the radial direction was used. Because the radial pulsed (deviator) stress, σ 3d , is not actually a 1-D stress application but rather an all-around radial pressure acting on the specimen, formulas have to be consulted and used for the problem of a solid cylindrical pressure vessel under uniform external radial stress (19) . The radial deformation δ r obtained as a result of such external uniform pressure p is given by (19) :
where r is the original radius of the cylinder, E is the elastic modulus, and ν is Poisson's ratio.
Considering δr to be the radial recoverable deformations under the pulsed (deviator) stress, σ 3d , the horizontal resilient response can then be defined from the triaxial test data as:
Horizontal Resilient Modulus:
where σ 3d is the pulsed (dynamic) stress in the radial direction and ν is Poisson's ratio. Note that for an isotropic material, there is only one resilient modulus M R = M R v = M R h and a Poisson's ratio ν.
Validation of Testing Approach
Repeated load triaxial tests were initially conducted on a synthetic calibration specimen, 150-mm Due to synthetic (urethane elastomer) nature of the specimen, repeated load triaxial tests were conducted using UI-FC following test procedure A only (see Table 2 ). Equations 1 and 3 were then used with a constant Poisson's ratio of 0.3 to compute the vertical and horizontal moduli of the synthetic specimen from the measured vertical and horizontal resilient deformations, respectively. Figure 3 shows the variation of the vertical and horizontal moduli with the applied (pulsed) deviator stresses. An illustration is also given of the applied stress state on the specimen used for each modulus determination.
Both the vertical and resilient moduli obtained are similar in magnitude thus indicating an isotropic modulus of approximately 70 MPa (10.2 ksi) for the synthetic specimen. In addition, the resilient modulus is not stress-dependent, as its value is almost constant with the applied stress states. The good agreement achieved here between the computed modulus and the value reported earlier, therefore, validates the anisotropic modulus testing approach employed in this study. In essence, whether the tested material under applied resilient loading is truly isotropic or not can be adequately determined in the laboratory using the UI-FC and by switching of the pulsing direction on the specimen.
Anisotropy of Aggregate Moduli
Figures 4-7 show variations of the vertical and horizontal resilient moduli with increasing deviator stresses for the four granular materials. As outlined in Table 2 , both procedures A and B were followed in laboratory testing of the 8 samples by pulsing deviator stresses in the vertical and horizontal directions and the resilient moduli were computed using Equations 1 and 3 with an assumed constant
Poisson's ratio of 0.35. For the three materials having average particle sizes greater than the No. 4 sieve (4.76-mm), CA-6, CA-11, and the pea gravel, higher vertical resilient moduli were attained at all 15 stress states, when compared to the horizontal resilient moduli. However, in the case of sandy gravel, CL-3sp, having a high fines content of 13.9% and test samples compacted on the wet side of optimum, the computed horizontal moduli were typically higher than the vertical moduli except for a few tests conducted at low hydrostatic stress levels using procedure B. These results are in very good agreement with the previous findings that indicated horizontal to vertical modular ratios ranging from 0.9 to 4 for cohesive soils such as clays and also ratios as low as 0.2 for sands and aggregates (14, 15, 16, 17, 18) .
The lowest horizontal moduli, and alternatively, the highest anisotropy of stiffnesses, were obtained for the uniform sized aggregates of CA-11 and the pea gravel following both test procedures A and B (see Figures 5 and 7) . This is believed to be due to the preferential orientation of aggregate particles with the maximum dimension aligned in the horizontal plane. Thus, the number of contact points per unit horizontal area is smaller than per unit vertical area, which makes such a fabric conducive to greater radial than vertical compressibilities (15) . The crushed aggregates CA-6 and CA-11 resulted in higher vertical moduli than both the pea gravel and sandy gravel CL-3sp. Overall, the anisotropic resilient moduli for each granular material increased as the applied hydrostatic stresses increased.
Effects of Different Test Procedures on Anisotropic Moduli
Figures 4-7 also present the vertical and horizontal resilient moduli as obtained from the two individual tests conducted for each aggregate type following procedures A and B (see Table 2 Based on these results one can deduce that when procedure B first applied horizontal pulsing, this caused extra stiffening of these specimens in the vertical direction. However, this is not apparent from the results of the uniform sized aggregates CA-11 and the pea gravel. For CL-3sp, Figure 6 indicates that increases in both horizontal and vertical moduli were achieved following procedure B, when compared to procedure A. This kind of behavior was observed only in the case of CL-3sp, which had a high fines content of 13.9% and the test samples were compacted on the wet side of optimum moisture content.
More anisotropic testing of this nature should be undertaken in future studies to investigate the effects of conditioning on the directional dependency of aggregate moduli.
SUMMARY/CONCLUSIONS
1.
No consideration is given in the standard resilient modulus testing (5) to determination of anisotropic aggregate stiffnesses due to the effects of anisotropic loading in the field, i.e., initial compaction and the subsequent wheel loading applied in the vertical direction.
2.
A newly acquired, innovative triaxial testing machine, referred to as University of Illinois FastCell (UI-FC), was used in this study for determining the anisotropic resilient properties of granular materials.
This could be achieved by independently pulsing deviator stresses in the vertical or horizontal directions.
Having unique loading capabilities, the UI-FC is ideally suited for simulating dynamic field stresses on the sample and for studying the effects of anisotropic, stress path dependent aggregate behavior.
3.
Preliminary results obtained from four aggregates tested using the UI-FC indicated definite directional dependency (anisotropy) of aggregate stiffnesses. The computed resilient moduli in the vertical and radial directions varied pronouncedly with the applied stress states currently being used in the standard test procedure (5). On the other hand, when the same testing procedure was applied for testing a synthetic specimen having isotropic material properties, the axial and radial moduli computed from the measured resilient deformations remained unchanged.
4.
For three of the materials having average particle sizes greater than the No. 4 sieve (4.76-mm), higher vertical resilient moduli were attained at all 15 stress states, when compared to the horizontal resilient moduli. However, in the case of a sandy gravel having an average particle size of 0.6-mm (0.02-in.) and a high fines content of 13.9%, the computed horizontal moduli were typically higher than the vertical moduli. Only for two well-graded materials having considerable amounts of fines, the testing procedures followed, i.e., order of vertical and horizontal pulsing on the specimens, seemed to have a significant effect on the computed anisotropic moduli. 
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